The purpose of this study was to evaluate the extent of cellular adhesion (density and morphological matura tion), cellular membrane damage, and cellular viability after an electrostatic transplantation of human umbili cal vein endothelial cells (HUVECs) onto 6-cm segments of 4-mm I.D. e-PTFE (GORE-TEX®) vascular prostheses using a prototype electrostatic endothelial cell transplantation device (EECTD). The electrostatic transplantation parameters evaluated were the apparatus-applied voltage and transplantation time. By our definition, the combination of applied voltage and transplantation time that met the a priori criteria of: 1) maximum transplanted cellular viability, 2) maximum transplantation density, 3) maximum morphological maturation (degree of cellular flattening), and 4) minimal cellular membrane damage would be the prime transplantation procedure. The results of the experimentation indicated that the prime conditions for HUVEC transplantation were obtained when +1.0 V was applied for a transplantation time of 16 min. These condi tions achieved an average viable graft surface coverage of 97.4 ± 1.6% with an average transplantation density of 73,540 ± 8,514 HUVECs/cm 2 . Furthermore, the transplanted HUVECs were morphologically ma ture (flattened) with minimal apparent cellular membrane damage (lysis or pitting). The overall clinical significance of this study is that viable endothelial cell transplantation to synthetic vascular grafts can be accomplished at high cellular densities and morphological maturation in 16 min using the EECTD. With the promising in vitro transplantation results, the next logical investigations will include additional in vitro evaluations (cellular retention upon shear stress exposure and biochemical assays) followed by in vivo evalu ations to examine thromboresistance and influence on intimal/anastomotic hyperplasia.
INTRODUCTION
The introduction of endothelial cell (EC) transplanta tion in 1978 (10) provided a conceptual means of "dis guising" inherently thrombogenic synthetic grafts with a monolayer of autologous ECs to act as a barrier between the blood and the foreign vessel surface. The logic of this approach resides in the fact that endothelial cells are the natural lining of all blood vessels and possess many attributes that make them highly thromboresistant under normal conditions. Some of these attributes are that they: (a) possess a negative surface charge, (b) produce heparan sulfate in their glycocalyx, (c) produce and re lease prostacyclin (PGI 2 ), (d) produce endothelium-de-rived relaxing factor (EDRF, or nitric oxide), (e) pro duce tissue plasminogen activator (tPA), and (f) produce thrombomodulin (6, 7, 14, 15, 19) . Following EC transplantation and removal of the applied voltage, it is anticipated by the authors that the e-PTFE graft luminal surface reverts to its original highly nega tive charged surface. Thus, any nonendothelialized graft surfaces or any exposed graft surfaces resulting from EC losses upon restoration of blood flow remain nonthrombogenic (as nonthrombogenic as the natural high nega tive surface charge of the e-PTFE will allow). Given this conceptual electrical interaction phenomenon, the pur pose of this study was to determine if the electrostatic EC transplantation method is advantageous for EC trans plantation onto e-PTFE small-diameter vascular pros theses.
MATERIALS AND METHODS

Cell Culture
The human umbilical vein endothelial cells (HU VECs) (Clonetics Corp.) used in the study were from a single donor (-500,000 HUVECs/amp) and cryopre served until experimentation to reduce the variability that could be introduced by using HUVECs from multi ple donors. The HUVECs were cultured at 37°C, 5% 1.25% (vol)], composed of 10,000 units penicillin/ml, 10,000 units streptomycin/ml, and 25 UG amphotericin-B/ml, was added to the EGM.
Cell Harvest and Resuspension
The harvest of HUVECs, second passage, from the tissue culture flask began by removing the EGM and rinsing the cell monolayer with 5 ml of HEPES-buffered saline (Clonetics Corp. This rod is bored out to allow the placement of the 4- 
Estimation of the Induced Graft Luminal Surface Charge
An estimate was made of the magnitude of the free charges on the capacitor conductive surfaces, q, as deter mined by the following equation (9):
where V 0 is the applied voltage from the voltage source and the total capacitance of the system, C T , is defined by, l
The capacitance values for the graft (C g ) and the GORE-TEX® wrap C w ) were defined by the following equa tions:
where A is the area of the graft material within the ca pacitor, d g is the thickness of the graft material (0.4 mm), d" is the thickness of the GORE-TEX® wrap on the internal conductor (0.152 mm), e 0 is the permitivity constant (8.854 x 10~1 2 C 2 /Nm 2 ), and k g and fc w are the dielectric constants of the GORE-TEX® graft and wrap (both = 1.3), respectively (9) . The endothelial cell sus pension medium is an electrolyte solution, thus assumed to be a conductor in this model. The charge induced on the surface of a dielectric material, q', placed in a capac itor with the free surface charge, q, can be determined by the following equation (9):
where q is the induced surface charge on the dielectric material ( This surface charge density was then input into eq. (5) to determine the surface charge density on the dielectric within the electric field.
Transplantation Analysis
The grafts were rinsed prior to the following exami 2c), and 7) initial layer flattened HUVECs with second layer of few discoids and many spheroids (Fig. 2d ). The first four morphological maturation categories were the a priori rankings. Upon evaluation of the SEM speci mens (visualizing more than 20 SEM fields), however, rankings 5-7 were added according to distinct character istics observed at that time. Because the highly confluent surface rendered it impossible to identify individual HU VECs, a bulk categorization for the morphological mat uration was employed.
The cellular membrane damage evaluation was con ducted at a magnification of 2500-2700x to allow visu alization of possible cell membrane pitting. The damage ranking was divided into one of four categories (again after visualizing more than 20 fields during the SEM evaluation) as follows: 1) no cellular damage ( Fig. 3a) , 2) minimal damage-little lysis with no cell membrane pitting (Fig. 3b) , 3) moderate damage-cell lysis and cell membrane pitting (Fig. 3c ), and 4) maximum dam age-excessive cellular lysis and membrane pitting (Fig. 3d ).
The data obtained from the SEM images (morpholog ical maturation and damage rankings) were evaluated using SAS and nonparametric statistics for rankings (20) . This consisted of using the Kruskal-Wallis one way ANOVA by ranks to determine if there was a sig nificant effect (a = 0.05) of either transplantation time or applied voltage on the variable of interest (morpho logical maturation or cell membrane damage). If an ef fect was seen, the Kruskal-Wallis one-way ANOVA was 
Morphological Maturation and Damage Ranking Validation
Validation of the morphological maturation and dam age rankings was conducted in a "blinded" fashion using SEM micrographs. Validation was conducted by pres enting the blinded individual with SEM micrographs along with the ranking categories. Rankings were re corded and compared to those from an unblinded scorer using the Spearman's rank correlation coefficient (r s ) to determine the overall measure of agreement. The valida tion study showed a 100% agreement of the morphologi cal maturation rankings performed on 10 samples with a Spearman's rank correlation coefficient of r s = 1.0. The damage ranking validation showed that there was agree ment with 14 of the 19 (74%) samples with a Spear man's rank correlation coefficient of r s = 0.97.
RESULTS
Estimated Induced Graft Luminal Surface Charges
Results of the estimated surface charges induced on the e-PTFE graft luminal surfaces are presented in Table   1 . The total capacitance of the system using air in place of the e-PTFE was 4.70 
Preliminary Study
The applied voltage/transplantation time combina tions evaluated during this EC transplantation study were based upon a preliminary study ( Fig. 4 ) that was conducted using HUVECs, the EECTD, and the fluores cent dye uptake (Percent Viable Surface Coverage eval- 
Evaluation of Electrostatic Transplantation Data
The mean + SD values of the EC transplantation den sity, the maturation ranking, the percent viable surface coverage, and the damage ranking for each of the 15 applied voltage and transplantation time combinations are given in Table 2 . 
Percent Viable Surface Coverage.
There was no sig nificant difference (a = 0.05) in the percent viable sur face coverage between any of the tested transplantation conditions including the controls. This result was ex pected, because only the region below the applied volt age/transplantation time EC percent viable curve (Fig.  4) was explored. In general, the overall tendency was for decreasing percent viable surface coverage with both increasing applied voltage and increasing transplantation time.
Morphological
Maturation Rankings. For all cases, the average morphological maturation rankings were at least 4, which corresponded to a completely flattened layer. However, the presence of a second layer of HU VECs in many cases was unexpected and was usually associated with a large amount of cellular membrane damage. The results of this examination indicated that there was a significant difference in morphological mat uration due to the applied voltage, % 2 (6) = 12.59, and transplantation time, Accordingly, the estimated current through the apparatus during the procedures ranged from 30 to 54 picoamperes for the applied voltages of +1.0 to +8.0 V, respectively.
A study by Lamb et al. (11) showed that electric field stimulation of endothelium resulted in significant cellu lar membrane damage in tissues not maintained in an antioxidant-containing medium while the presence of antioxidants minimized or prevented the cell membrane damage. It is speculated then that the cellular membrane damage observed in this study was due to oxygen free radical generation during the electric field simulation and is, thus, a potential reason for the increased cellular membrane damage with increasing applied voltage (in creased electric field strength and internal current) dur ing electrostatic transplantation.
Electrostatic Versus Other Transplantation Techniques
One major aspect that contributes to the clinical value will be on the order of 10" 16 to 10 12 s, or virtually instan taneous.
A serious concern with various other EC transplanta tion devices or techniques is the transplantation and the cells towards the graft luminal surface. Thus, the exact mechanism is not clear at this time and will be the emphasis of future research to clearly understand and describe the mechanism behind the electrostatic endo thelial cell transplantation procedure
Clinical Significance
The clinical significance of this study is that electro static EC transplantation provides an improvement over other EC transplantation techniques in that it is charac terized by: 1) reduced total time necessary for transplan tation (16 min) and 2) accelerated EC interaction (cell number and morphological maturation) with the e-PTFE
material. An extended incubation period (several hours to days) required by many of the historical EC transplan tation protocols to obtained efficient cellular attachment, morphological maturation, and cellular retention upon implantation is a concern for vascular surgeons. This is particularly important because the incubation period ex poses the ECs to an undefined medium-containing se rum, allowing for the possibility of genotype and/or phe notype changes (17) . The authors speculate that the accelerated morphological maturation provided by the electrostatic EC transplantation will improve cellular re tention upon application of physiologic shear stress when compared with other EC transplantation tech niques. A study by Pratt et al. (13) showed that achiev ing greater cellular maturation prior to shear stress ap plication significantly increased cellular retention.
Relevant to this study, it has also been shown that a cell will attach with significantly greater amounts of contact regions (defined as cellular membrane areas within 100 nm of the adhesion substrate) on a positively charged surface than on a negatively charged surface (21) . 
CONCLUSIONS
The overall results of this study indicated that the 
